Abstract-Slow-wave structures using distributed periodic inductive and capacitive loadings have found many microwave circuit applications as left-handed (bandpass) or right-handed (lowpass) transmission lines. A large slow-wave factor (SWF) could result in a much smaller passive component, but also a much lower bandgap (cutoff) frequency and a larger dispersion. This paper addresses the issues and the design tradeoff between the SWF, group delay (dispersion), and the cutoff frequency of a right-handed (lowpass) quasi-lumped transmission line. A new two-layer transmission line structure using 3-D substrate metallization with an SWF of 5.8 is designed. A prototype of a 3-GHz branch-line coupler with a 70% size reduction using such a transmission line structure is fabricated and tested.
been known for a long time [9] . Depending on the loadings, the slow-wave structure could be used for low-pass, bandstop, or bandpass filters. In different contents, the periodic slow-wave structures are called either right-handed (low-pass) or left-handed (high-pass or bandpass) metamaterial transmission lines or electromagnetic bandgap (EBG) structures [9] - [16] .
Tailoring the EBG and the slope of the dispersion curves (double-negative metamaterials) has found many useful applications. This paper discusses the use of high-density 3-D substrate metallization for passive component miniaturization. The periodic loadings are wound into multiple layers to form distributed capacitors and inductors (quasi-lumped circuits) within each unit cell. The emphasis is on the right-handed slow-wave structures due to less dispersion and more stable SWF over a broad-frequency range.
A goal of this paper is to provide the design criteria of the maximum SWF under the constraint of the fundamental mode cutoff frequency, line impedance, group delay, and available space. Analytic formulas are provided to illustrate the design tradeoff. A new three-layer slow-wave structure is proposed to demonstrate the design methodology. Finally, a branch-line coupler, evolved from this slow-wave structure, is designed and tested. The results show significant size reduction as compared to the use of a normal microstrip line structure.
II. CHARACTERISTICS OF PERIODIC SLOW-WAVE STRUCTURES
A basic left-handed transmission line structure (also called a metamaterial transmission line) [17] - [23] is a periodically loaded shunt inductance and series capacitance with high-pass characteristics (dc isolation). In the first transmission band, (group velocity) is positive, while (phase velocity) is negative. A left-handed transmission line is usually dispersive (group velocity varies with frequency) for guided-wave applications.
On the other hand, the cascade of series inductance and shunt capacitance in a periodic transmission line is a right-handed structure, where phase and group velocities are in the same direction. As an example, the equivalent circuit of a right-handed structure and its dispersion diagram are shown in Fig. 1 . Common transmission line structures, such as a microstrip line and a coplanar waveguide, are right-handed transmission lines with continuously distributed L-C components. The fundamental mode is inherently low pass and a slow-wave mode. The transmission line dispersion curves can be tailored through the periodic (distributed) loading of inductive and capacitive elements. The distributed L and C are frequency dependent. In the second transmission band, the equivalent circuit could effectively become a series capacitor with a shunt inductor. In such a case, the right-handed line becomes a left-handed line in the second transmission band, as shown in Fig. 1(b) .
Although a microstrip-line periodically loaded with shunt capacitors or serial inductors can increase the SWF, the wave length reduction is limited by its long transmission line sections and is space inefficient. In this paper, the investigation focuses on the use of distributed inductance and capacitance to form the slow-wave transmission lines, as indicated in Fig. 1 . This setup is also referred to as quasi-lumped setup and is distinct from the inductance and capacitance loading on a microstrip line. The inductance and capacitance shown in Fig. 1 are distributed three-dimensionally over a unit cell. For circuit and antenna applications, sections of such a slow-wave line are used in the frequency below the first bandgap (below the cutoff frequency ). In the first passband below the cutoff, the SWF usually increases with frequency. A useful SWF for evaluation is likely at half of the cutoff frequency where it is larger than the dc case and is not very dispersive yet.
For a linear transmission system, group delay is another important factor for evaluating the transmission-line quality. For a slow-wave unit cell (shown in Fig. 1 ), within the passband, a larger value of group delay corresponds to larger dispersion. It is also referred to as "envelope delay," which indicates the delays experienced by the envelope of the transmission packets [18] .
For a matched transmission line system with the physical length and the propagation constant , the group delay is given as (1) Using the Bloch-Floquet theorem for a slow-wave structure with a unit cell, shown in Fig. 1 , its propagation constant and characteristic impedance are found as follows (assuming lossless) [24] : (2) and (3) The cutoff frequency can be predicted by setting (2) equals to 1 as follows: (4) The group delay of the unit cell below the cutoff frequency can be derived as (5) The primary parameters for the periodic slow-wave line design are the SWF, group delay, and characteristic impedance (assuming lossless). They can be expressed in terms of the cutoff frequency as (6) (7) and (8) where . Equations (6)- (8) reveal the design criteria of a periodic slowwave structure. The unit cell length should be as small as possible; the inductance and capacitance (per unit cell) should be as large as possible, but not to lower the cutoff (bandgap) frequency too much. A smaller cutoff frequency corresponds to larger frequency-sensitive group delay, a larger SWF, and a less usable frequency range. A small unit cell with large inductance and capacitance requires a transmission line with a high-density metallization within a small area. Small distributed inductors and capacitors present a design challenge; 3-D substrate metallization, though, presents a possible unique opportunity and solution to this challenge. Fig. 2 shows the SWF as a function of frequency (based on the geometry in Fig. 1 ) for various cutoff frequencies within the first passband zone. It is observed that the SWF is almost a constant at low frequencies (dispersionless) and slowly increases until the first Brillouin zone boundary. At the first Brillouin zone boundary, and the maximum SWF is given as
The group delay versus frequency for various cutoff frequencies is shown in Fig. 3 . The lower the cutoff frequency, the more dispersive the group delay is. There is a significant increase in group delay when the frequency approaches the cutoff. Due to this, a careful design of the cutoff frequency is necessary to maximize the SWF. There is relatively more flexibility in the design of characteristic impedance. In order to maintain a certain impedance level, both inductance and capacitance should increase simultaneously in increasing the SWF. A too inductive or capacitive slow-wave line will have either a very high or very low impedance level.
In practice, the equivalent circuit of a unit cell of a right-handed slow-wave line is slightly more complicated than the basic model shown in Fig. 1 . The series inductance usually comes with a parallel parasitic capacitance; the shunt capacitance also comes with a series inductance, as shown in Fig. 4 . The analysis of the SWF, group delay, cutoff frequency, and characteristic impedance could follow a similar approach to what is described above, except that the equivalent inductance and capacitance are defined as (10) and (11) Additional series parasitic capacitance and series inductance to the ground increase the effective inductance and capacitance; this results in a lower cutoff frequency, larger SWF, and more dispersive group delay. 
III. DESIGN EXAMPLES OF RIGHT-HANDED SLOW-WAVE STRUCTURES

A. Design Criteria Using the Basic Quasi-Lumped Setup
In Section II, it was found that the basic quasi-lumped setup could offer low dispersion and a high SWF. The design rules for passive circuits using the basic setup are outlined here. Three main parameters (serial inductance , shunting capacitance , and unit cell length ) are involved in the design of the cutoff frequency , SWF, characteristic impedance , numbers of unit cells , and the group delay . It is shown in Fig. 2 that the lower is, the larger the SWF will be; cannot be too small, however, considering the requirement of stable and low dispersion (group delay) passband.
In general, the cutoff frequency should be above the required operating frequency . Moreover, if a regulation for group delay is designed such as for each EBG cell, where is a constant number, based on (4)- (8), should satisfy the condition (12) In addition, for many circuit applications of the transmission line, the periodic unit length should be no greater than the quarter wavelength (90 phase shift) of the guided slow wave, i.e., . Consequently, from (6),
A careful design for a passive circuit application using slowwave EBG basic quasi-lumped setup, i.e., (12) and (13), should, therefore, be considered simultaneously.
The second issue is to determine the unit cell numbers and the unit cell length . For a given required phase shift , the two parameters have to comply with the following condition: (14) Equation (14) ensures that the total phase shift by the actual length of of the EBG transmission line will not exceed the phase requirement. This phase constraint is particularly necessary in the design of 90 hybrids.
B. Design Examples as a Branch-Line Coupler Based on the Quasi-Lumped Setup
A miniaturized right-handed slow-wave transmission, using a slow-wave EBG basic quasi-lumped setup, is designed to illustrate the criteria given in (12)- (14) . This transmission line is further used to design a miniaturized branch-line coupler.
The design example is a three-layer unit cell structure shown in Fig. 5 . This structure uses a thin straight wire as a serial inductor with an extended patch at both sides as shunting capacitors to the ground. The ports of the unit cell are marked 1 and 2 in Fig. 5 , at the end of a center strip with width (0.16 mm here). The extension of the strip outside the patch is . The gap between the strip and the extended patch (also ) determines both the series inductance and capacitance in Fig. 6(d) . is the depth of the extended patch (the same width as the mushroom underneath) and affects mostly the shunt capacitance. The entire idea is to increase both series L and shunt C to get the higher SWF, but more enhancements on C are necessary to bring down the characteristic impedance according to (3) . The L enhancement is achieved by decreasing the strip width. is the unit cell length and all the circuit parameters are almost linear to this length. A mushroom structure [25] below the metal surface is used to effectively move up the ground plane, thus increasing the required shunting capacitance at a given substrate thickness. It further provides the design flexibility by adjusting the size of the rectangular patch on a mushroom. By changing the value of -, the serial inductance and shunting capacitance can be adjusted.
For the branch-line coupler, a set of design requirements are given as follows.
• Central frequency is at 3 GHz, i.e., GHz.
• Group delay for one unit cell is less than 0.2 ns, i.e., ns Using the above operating frequency and group delay, the cutoff frequency should satisfy the condition GHz according to (12) . The insertion phase for the branch-line coupler should be less than 90 (a quarter-wave long) to take into account the phase delay at the interconnecting junctions. Based on the design criteria, two slow-wave EBG unit cells are designed as shown in Fig. 6(a) and (c) for 50-and 35-characteristic impedances, respectively. The designs use a Rogers4003 substrate with the thickness mm and the mushroom structures has a height mm. The equivalent circuit is based on the quasi-lumped setup described in Fig. 4 . The circuit parameters of the unit cell are extracted from AWR Microwave Office through the fitting of the two-port -parameters obtained from full-wave simulations. The extracted values are given in Fig. 6(b) and (d) . It is noted that the 50-unit cell has a larger series inductance and smaller shunt capacitance than the 35-case. It is due to a longer unit cell length and a smaller patch area for the 50-case.
The two-port scattering parameters of the designed 50-and 35-EBG slow-wave transmission lines are shown in Figs. 7 and 8, respectively, with five unit cells. The simulations are based on IE3D: a method of moments (MOM) full-wave solver from Zeland Software, Freemont, CA. The -parameters based on equivalent-circuit model (Fig. 6 ) and the measurement results are also given in these figures. The frequency where drop quickly from near 0 dB to 30 dB corresponds to the cutoff frequency. EBG beyond the cutoff frequency is observed. It is seen that the full-wave simulation, the calculation using the equivalent circuit, and the measurement results agree well. Additionally, they have similar cutoff frequencies of around 4.25 and 5.00 GHz, for the 50-and 35-cases, respectively, and they are very close to the designed values (4.24 and 5 GHz, respectively).
The normalized attenuation constant and phase constant (or SWF) for the two designed slow-wave structures are shown in Figs. 9 and 10 . The simulation (solid line) and measurement (triangle) values are derived by the method of -matrix extraction based on the formulas (given in [10] ) (15) The dashed-line curves are based on the circuit model and (2). It is observed that the comparison between the simulations and measurements is good for both cases. From the full-wave simulation, the SWFs for the two EBG structures are 3.820 (50 ) and 5.809 (35 ), respectively at 3 GHz, which are much greater than the SWF by normal transmission line on Rogers4003 (1.64). Larger SWF for the 35-case is due to its smaller unit cell length (3.1 mm shown in Fig. 6 ). It is also noted that the 35--line unit cell is smaller than the 50-line. This is designed in order to bring down the inductance per unit cell of the 35-line more to drop the impedance level from 50 to 35 .
The group delay per unit cell is calculated using -parameters of IE3D simulations. Group delays at 3 GHz are 0.106 ns (50 ) and 0.070 ns (35 ) based on (7), which are both less than the designed upper limit of 0.2 ns. It is observed from Fig. 3 that the two five-cell slow-wave lines are not very dispersive at the design frequency (3 GHz).
Figs. 11 and 12 show the characteristic impedance versus frequency by both a direct IE3D transmission line simulation and (3) with extracted circuit parameters for the 50-and 35-cases, respectively. In the two cases, the impedance is designed at 3 GHz. The simulated and measured impedance data is based on the two-port -matrix extractions ( [10] ) given as (16) Good agreement between theory and measurement are observed even for only one unit cell, although the cutoff frequency is a little bit smaller as compared to the five-cell case for the phase constant extraction.
Using the two designed (50 and 35 ) unit cells, a branch-line coupler was designed at 3 GHz with the dimensions shown in Fig. 13 . The left and right quarter-wave arms are 50 , the upper and lower quarter-wave arms are 35 . Based on the SWFs (3.82 and 5.809) of the two lines and the phase-shift requirement, it can be found from (14) that only one unit can be used. Furthermore, based on the SWF, the phase shift through the 50-and 35-arms (one-unit cell length) is 89.4 and 64.9 , respectively. Additional segments of 35-microstrip line is used to make up the 25.1 phase shift and also serve as the interconnecting lines for the bend junctions, as indicated in Fig. 13 . The overall size of the miniaturized coupler is 7.5 mm 13.1 mm. This is more than a 70% reduction in size when compared to the branch-line coupler using microstrip lines with the same substrate setup. The overall size reduction is comparable to the branch-line couplers using composite right/left-handed (CRLH) metamaterial transmission lines [27] , [28] . The full-wave simulation results of a microstrip branch-line coupler and a miniaturized EBG-based coupler are shown in Fig. 14(a) and (b) , respectively. For both cases, 3-dB coupling occurs at 3 GHz. The normal microstrip coupler, though, repeats its behavior at every odd harmonic frequency. In comparison, for the slowwave EBG coupler, 3-dB coupling only occurs at its baseband of 3 GHz. After 4.25 GHz, the EBG transmission line enters into the stopband. Consequently, the input powers are reflected back to the source.
Prototypes of both normal and miniaturized branch-line couplers were fabricated using Rogers4003 multilayer technology and are shown in Fig. 15 . A clear reduction can be seen using an EBG slow-wave line compared to a microstrip branch-line coupler. The simulations and measurements for reflection, through, coupling, and isolation are presented in Figs. 16 and 17 . Very good agreement was found. At the design frequency (3 GHz), more than 20-dB return loss and isolation are observed. The phase differences between the through port and coupled port are also shown in Fig. 18 with both the simulations and measured data. At 3 GHz, 90.85 and 92.20 are observed for simulation and measurement, respectively. The result is close to the designed 90 hybrid.
Although the designed EBG branch-line coupler has reduced the component size by 70%, further size reduction is still possible. As observed from (5)- (8), at a given certain cutoff frequency, the SWF can increase further with a smaller unit cell length. An efficient way to increase the SWF and reduce the size is to achieve higher serial inductance and shunting capacitance per unit length.
For PCB designs, the increase of the serial inductance and shunting capacitance per unit length was limited by the available space. In multilayer low-temperature co-fired ceramic (LTCC) or integrated circuit (IC) designs [26] , through the use of multiple layers to distribute the inductors and capacitors into the vertical direction, the printed circuit board (PCB) surface area can be greatly reduced. The limitation would be the available layers and the resolution of the minimum linewidth and spacing.
The examples and discussions in this paper concerned a right-handed structure intended to use slow-wave EBG unit cells (Fig. 5) to build miniaturized passive circuits with the least dispersion. A similar approach also applies to the left-handed transmission lines [27] , [28] , which is usually in the form of a CRLH line. The CRLH line is inherently high pass, where the propagation is prohibited below a cutoff frequency. CRLH circuits are usually more dispersive than the right-handed circuits with a similar SWF.
IV. CONCLUSION
In this paper, basic EBG unit cell setups, using lumped or quasi-lumped elements incorporated without distributed transmission lines, have been proposed and investigated. The transmission line parameters include SWF, characteristic impedance, group delay, and cutoff frequency. These have been analyzed with an emphasis on SWF enhancement for device miniaturization. The cutoff frequency, which relates directly to the inductance and capacitance per unit cell length, is found to play a major role in the slow-wave periodic transmission line design. The investigation found that a lower cutoff frequency may offer larger SWF with higher dispersion or group delay. Tradeoff should be made in a specific slow-wave component design.
Design criteria using a basic quasi-lump EBG setup have been introduced under the specification of phase shifting, operating frequency, and group delay. The purpose is to facilitate the slow-wave structure designs in passive circuit packaging. Optimizations and accurate controls of cutoff frequency, number of unit cells, and characteristic impedance have been discussed. A design example of over a 70% size reduced branch-line coupler at 3 GHz has been fabricated and tested as a prototype.
More passive circuit size reduction is possible using LTCC or IC multilayer technology. The design criteria for right-handed structures proposed in this paper could be useful for passive circuit miniaturization.
